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Superionic hydrogen was previously thought to be an exotic state predicted and 
confirmed only in pure H2O ice1-3. In Earth’s deep interior, H2O exists in the form 
of O-H groups in ultra-dense hydrous minerals, which have been proved to be 
stable even at the conditions of the core-mantle boundary (CMB)4-11. However, the 
superionic states of these hydrous minerals at high P-T have not been investigated. 
Using first-principles calculations, we found that pyrite structured FeO2Hx (0 ≤ x 
≤ 1) and δ-AlOOH, which have been proposed to be major hydrogen-bearing 
phases in the deep lower mantle (DLM), contain superionic hydrogen at high P-T 
conditions. Our observations indicate a universal pathway of the hydroxyl O-H at 
low pressure transforming to symmetrical O-H-O bonding at high-P low-T, and a 
superionic state at high-P high-T. The superionicity of hydrous minerals has a 
major impact on the electrical conductivity and hydrogen transportation 
behaviors of Earth’s lower mantle as well as the CMB.  
 
Hydrogen, the most abundant element in the solar system, plays a pivotal role in Earth12-
15. It forms water that covers 70% of Earth’s surface, it is the unique biochemical 
ingredient that makes Earth a living planet, it has drastic effects on physical and 
chemical properties of minerals and rocks, and it is the dominant component of volatiles 
that dictate Earth’s evolution processes. Our knowledge on the nature of hydrogen in 
Earth’s deep interior is quite limited and depends upon studies of mineral physics4-
11,16,17. Very recent discoveries of a series of high-pressure ultradense hydrous phases, 
including the δ-AlOOH4,5 and phase H6 hydrous aluminum magnesian silicate7,8, pyrite 
FeO2H9,10, and (Al,Fe)O2H11 suggest the presence of a significant amount of hydrogen 
in the DLM. The present study further reveals that the hydrogen under the DLM 
pressure-temperature (P-T) conditions is present in the superionic state that has entirely 
different properties from the ordinary O-H bonding, and has profound impacts on 
geophysical and geochemical behavior of Earth. 
 
In the superionic state the hydrogen ion is no longer bonded to an oxygen ion, and it 
moves freely within the crystal lattice, leading to greatly improved ionic and electronic 
transport properties and effortless removal of hydrogen. Superionic hydrogen was 
proposed and observed in H2O ice1-3. However, hydrogen will not be present in the 
DLM in the form of free H2O, and instead it will exist as new ultradense hydrous phases. 
Here we investigate two archetypal phases, pyrite FeO2H and δ-AlOOH, and discover 
superionic hydrogen to be a common behavior of hydrogen-bearing compounds, thus 
opening a new paradigm in DLM. 
 
Fe-O binary compounds have previously been investigated using crystal structure 
searches combined with first-principles calculations, and the cubic FeO2 structure has 
been identified as a stable phase18,19. We have performed crystal structure searches 
using the Ab Initio Random Structure Searching (AIRSS) method to study ternary 
materials consisting of Fe, O, and H at 100 GPa. The results of searches over 495 
possible compositions are shown in Extended Data Fig. 1, and in total we have relaxed 
~53,000 structures to minima in the energy landscape. In Fig. 1 we display a schematic 
summary of stable compounds at 100 GPa shown as red circles. Including previously 
known compounds, we also found pyrite-structured cubic py-FeO2 and py-FeO2H, 
which are consistent with experimental observations9,10,19,20. 
 
Furthermore, along the FeO2 and FeO2H convex hull line, we found that FeO2Hx can 
be stabilized as either a ground state (FeO2H0.75) or a meta-stable state (FeO2H0.5 and 
FeO2H0.25). The inset in Fig. 1 shows the formation enthalpy along the line. Having 
FeO2 and FeO2H as the end members, FeO2H0.75 becomes the ground state and FeO2H0.5 
and FeO2H0.25 are close to the stability line. FeO2H0.75 possesses a rhombohedral 
structure, which is slightly distorted from the cubic pyrite structure with an angle of 
~0.4 degrees. The small angular distortion arises from the hydrogen defects which are 
difficult to observe in experiments21. The dynamic stability of FeO2H0.75 is also verified 
by the stability of the phonons calculated at 100 GPa (Extended Data Fig. 1c). The 
partial release of hydrogen from FeO2H is further discussed in Methods. 
 
Hydrogen in FeO2H possesses symmetric O-H-O bond, which are equivalent to those 
in ice X22,23. To further investigate the hydrogen bonding in iron hydrate we calculated 
the O-H bond length (RO-H) as a function of the nearest-neighbor O-O bond length (RO-
O) for α-FeOOH (Goethite), ε-FeOOH, and py-FeO2H. The bond lengths are compared 
in Fig. 2. In α-FeOOH (<10 GPa), hydrogen is closely bonded to a single O atom. The 
bond length of O-H increases slightly under compression. Delocalization of the H atom 
between the two O atoms can readily be seen in the ε phase24. The H atoms move to the 
center of the two O atoms with RO-H = RO-O/2, when the O-O distance is reduced to 2.35 
Å. The symmetric O-H-O bond is retained in py-FeO2H. The symmetrization of the 
hydrogen bond has also been reported in other hydrous phases, such as δ-AlOOH5 and 
phase D (MgSi2O6H2)25 at high pressure. The evolution of O-H-O bonds and the 
localized charge density can be better visualized using the electron localization function 
(ELF) shown in Fig. 2. In its asymmetric states H is covalently bonded with one oxygen 
forming hydroxyl (OH-). During the H centering process high pressure hydrogen 
becomes ionic (H+) in the crystalline form. The covalent-to-ionic hydrogen transition 
in iron hydrate and δ-AlOOH at high-pressure is quite similar to water (gray stars and 
diamonds in Fig. 2)22,23. It is known that under high pressure water possesses a 
superionic state at pressures above 50 GPa and temperatures above 2000~K, with 
potential influence on the interiors of Neptune and Uranus2,3. Considering the similar 
O-H-O bonds evolution in the ultradense hydrous minerals, they may also possess a 
superionic state with implications for Earth's deep lower mantle. 
 
AIMD calculations were used to simulate proton diffusion in py-FeO2Hx (x=1 and 0.5) 
and δ-AlOOH at temperatures and pressures within the range 1000-3500~K and 60-140 
GPa. Simulations of up to about 7 ps were run for py-FeO2Hx and 14 ps for δ-AlOOH. 
At low temperatures protons in the hydrous phases undergo small mean-square 
displacements (MSDs) which do not increase with time and simply vibrate about their 
lattice positions, demonstrating that the material is an ordinary solid. Increasing the 
temperature leads to highly diffusive protons with the MSD increasing monotonically 
during the simulation, while the O, Fe and Al ions vibrate harmonically and adopt 
centered lattice positions, indicating a superionic state. A further increase in 
temperature leads to melting of the lattice and the ions diffuse away from their 
equilibrium positions and their MSDs increase with simulation time (Extended Data 
Fig. 3 and Extended Data Fig. 4).  The calculated phase diagrams of py-FeO2H, py-
FeO2H0.5 and δ-AlOOH showing their solid-superionic-melting regions are plotted in 
Fig. 3. The hydrous phases can become superionic as the temperature increases. The 
superionic temperature range of py-FeO2H is around 2250~K at pressures below 100 
GPa and 2500-2750~K at pressures above 100~GPa (green region). This superionic 
region covers part of the geotherm curve in the lower mantle26. On the other hand, the 
superionic temperature range of py-FeO2H0.5 is much wider, being from 1750 to 
2500~K. The relatively low solid-superionic phase transition temperatures of py-
FeO2H0.5 arise from the existence of hydrogen vacancies, which provide more sites for 
proton migration. As the hydrogen concentration in py-FeO2Hx is normally around 50-
70%, py-FeO2Hx can become superionic at lower mantle conditions. δ-AlOOH 
transforms to its superionic state at the temperatures above 2750~K. This transition 
temperature is above the geotherm of the lower mantle. However, the temperature 
increases rapidly to over 3000~K at the CMB and hydrogen in δ-AlOOH can also be 
superionic under these conditions. We did not observed the melting of the δ-AlOOH 
lattice at the pressure and temperature ranges of our simulations. 
 
In order to calculate diffusion coefficients and ionic conductivity of py-FeO2Hx (x=1 
and 0.5) we performed AIMD calculations with long simulation runs (15 ps) at 
pressures around 80 and 130 GPa. Using the MSDs (Extended Data Fig. 5), we 
calculated proton diffusion coefficients at different temperatures, which were fitted to 
an Arrhenius equation as shown in Extended Data Fig. 6. The deduced activation 
enthalpy of py-FeO2H0.5 is much lower than that of py-FeO2H. We calculated the ionic 
conductivity using the Nernst-Einstein equation as plotted in Fig. 4. The separated 
symbols give the calculated proton conductivities of py-FeO2Hx deduced from their 
MSDs, and the dashed lines in Fig. 4 show the conductivity of py-FeO2Hx deduced 
from the linear fit to the diffusion coefficients. The conductivities of py-FeO2Hx at the 
superionic state with short simulation runs (7 ps) are also labeled by small stars in Fig. 
4. This reveals that the proton conductivities in py-FeO2Hx are distributed between 5 S 
m-1 to 600 S m-1, varying with applied temperature, pressure and the concentration of 
hydrogen vacancies. Generally, py-FeO2H0.5 with 50% hydrogen vacancies shows 
higher ionic conductivity at relatively lower temperatures (< 2300~K). However, the 
conductivity of py-FeO2H without hydrogen vacancies increases rapidly with 
temperature, which leads to a higher conductivity at temperatures above 2300~K. The 
difference between the conductivities of py-FeO2H0.5 at 80 and 130 GPa decrease with 
increasing temperature, and the maximum difference is less than an order of magnitude 
over the temperature range in which the superionic state occurs. The conductivity of 
py-FeO2H at 80 GPa is about an order of magnitude higher than that at 130 GPa within 
the narrow superionic temperature range (2500-2750~K). The reduction in the diffusion 
rate of the protons at high pressure is attributed to the increase in the proton migration 
barrier energy with pressure (Extended Data Fig. 7). The calculated proton 
conductivities of δ-AlOOH are also exhibited in Fig. 4. The highest proton conductivity 
of δ-AlOOH reaches100 S m-1 when temperature is over 3500~K. The conductivities of 
the two hydrous phases are compared with the measured conductivities of Fe-bearing 
Bridgmanite and the post-perovskite phase (Fig. 4)27-29. The ionic conductivities of py-
FeO2Hx and δ-AlOOH are mostly higher than the conductivity of Bridgmanite. At the 
conditions of the CMB with temperature higher than 2500~K, the ionic conductivities 
of py-FeO2Hx are comparable to that of the post-perovskite phase ( >100 S m-1), while 
the conductivities of δ-AlOOH can exceed 100 S m-1 only at the temperature above 
3500~K. 
 
From the point of view of geoscience, with the essentially unlimited iron reservoir in 
the core and the water brought by subduction from the crust and the primordial water 
in the mantle30, significant amount of py-FeO2Hx can be deposited at the CMB20. 
During the formation of py-FeO2Hx, certain amount of hydrogen vacancies are 
generated in the lattice10,31. These vacancies provide diffusion sites for protons and lead 
to the superionic state of py-FeO2Hx at the conditions of the lower mantle and the CMB 
(Fig. 3). δ-AlOOH with a wide stable pressure and temperature range can be brought 
down to the CMB by subduction process and mantle convection. At the CMB with 
temperature exceeding 3000~K, hydrogen in δ-AlOOH can be superionic. Beyond py-
FeO2Hx and δ-AlOOH, other hydrous minerals with symmetric ionic hydrogen bonding 
may also transform to superionic state at high temperature. In the superionic state of 
py-FeO2Hx, δ-AlOOH, and/or other hydrous minerals, proton diffusion in the 
superionic state generates an electric current at the bottom of the mantle which leads to 
electromagnetic interactions at the boundary of the geodynamo. This changes the 
boundary conditions of the geodynamo and affects the geomagnetic field. This results 
may offer a clue on the geodynamo simulations to understand some geomagnetic field 
characteristics, which have not been well understood, such as the slight ripples in the 
field intensity and the reversals of Earth’s magnetic field. In addition, the ionic 
conductivities of py-FeO2Hx and δ-AlOOH reach 100 S m-1 at the CMB, which is 
comparable with the conductivity of the post-perovskite phase (Fig. 4). The hydrous 
minerals along with the post-perovskite phase can then form the high conductivity layer 
(> 108 S) at CMB, which enhances the electromagnetic (EM) coupling between the 
fluid core and solid mantle and results in a change in the length of a day27.  
 
Water from different origins has different abundances of isotopes for both H and O. 
When py-FeO2Hx, δ-AlOOH, and/or other hydrous minerals transform to their 
superionic states, H+ and D+ become highly diffusive like liquid while other ions (O, 
Fe, and Al et al.) remain close to their initial positions. H+ and D+ can be fully mixed 
during this procedure, but O isotopic compositions will derive from the same origins. 
As a result of this process, H and O circulations in Earth are separated, and hydrogen 
reservoirs with uniform isotopic composition form in the lower mantle and CMB. The 
protons released from the hydrous minerals incorporate other mantle minerals which 
can be transported back to Earth's surface and complete the hydrogen circulation. 
Coincidentally, eliminating the contribution of sea water, the H isotopic composition is 
homogeneous, in contrast to the isotopic composition of elemental O, in mid-ocean 
ridge basalts (MORB) with a D value of -80±1032 or -60±533. The existence of the 
superionic hydrogen reservoirs in the lower mantle can provide sufficient uniform 
isotopic hydrogen for MORB. 
 
Methods 
 
Ab Initio Random Structure Searching (AIRSS) 
Density functional theory (DFT) calculations were performed using the generalized 
gradient approximation (GGA) functionals, in particular the Perdew-Burke-Ernzerhof 
(PBE) exchange-coorelation functional34. Crystal structure searching was conducted 
using Ab Initio Random Structure Searching (AIRSS, version 0.91)35,36 combined with 
planewave-based DFT softwareusing the CASTEP code37. A plane-wave basis set 
cutoff energy of 280 eV and k-point sampling of 0.06 Å-1 were used. 
 
Structure relaxation and molecular dynamics simulations 
DFT calculations for the structure relaxation and molecular dynamics simulations were 
performed using the projector augmented wave (PAW) method38 as implemented in the 
Vienna Ab Inito Simulaton Package (VASP) package39. In our calculations, a plane 
wave representation for the wave function with a cutoff energy of 800 eV was adopted. 
Geometry optimizations were performed using conjugate gradients minimization until 
all of the forces acting on the ions were less than 0.01 eV/Å per atom. K-point mesh 
with a spacing of ca. 0.03 Å-1 was adopted. Considering the strongly correlated nature 
of the Fe 3d electrons a Hubbard-type U correction was used40,41. In accord with 
previous work, the effective U value was set to 5 eV42. H vacancies in py-FeO2Hx (x = 
0.75, 0.5 and 0.25) were generated by removing H atoms from a large supercell of py-
FeO2H comprising 2 × 2 × 2 conventional unit cells, as shown in the Extended Data 
Fig. 8.   
 
Calculations of the equation of state (EOS)  
Structural relaxations were performed at various constant volumes and the calculated 
energy-volume data at zero Kelvin was fitted to a third-order Birch-Murnaghan 
equation of state (EOS): 
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where E0 denotes the intrinsic energy at zero pressure, V0 is the volume at zero pressure, 
B0 is the bulk modulus, and B0' is the first pressure derivative of the bulk modulus. The 
fitted parameters at zero Kelvin are shown in Extended Data Table 1. The relationship 
between the pressure and volume at zero Kelvin can be expressed as: 
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The pressure-volume relations at higher temperatures are plotted in Extended Data Fig. 
9. The P-V relation of py-FeO2H fits the experimental data very well, while the 
calculated volume of py-FeO2 is a little overestimated compared with experimental 
data9,10,19. It is generally accepted that DFT calculations with a GGA-PBE density 
functional usually overestimate cell volumes. In this case the cell volumes of py-
FeO2Hx decrease with hydrogen concentration. Our calculations also show that the 
hydrogen concentrations of py-FeO2Hx samples reported by Hu et al. are mostly above 
50%10. The phase stability of py-FeO2Hx was investigated by calculating relative 
enthalpies with respect to py-FeO2H. As shown in Extended Data Fig. 9b, the relative 
enthalpies of the solid solutions of the py-FeO2Hx phases (x = 0.75, 0.5 and 0.25) (solid 
lines) are lower than that of the separate xFeO2H + (1-x)FeO2 phases (dashed line) in 
the pressure range 50-210 GPa. This means that FeO2 and FeO2H can react with each 
other to form FeO2Hx, which is energetically stable (Eq. 3). This is consistent with 
previous experimental and theoretical investigations10,31,43,44. 
                xFeO2H + (1-x)FeO2 → FeO2Hx ( 0 < x < 1)            (3) 
 
Calculations of proton migration path and barrier energy 
Calculations of the proton migration path and barrier activation energy for a proton in 
a py-FeO2Hx lattice at different pressures were obtained using the Climbing-image 
nudged elastic band (CINEB) method45 in a 2 × 2 × 2 supercell containing 128 atoms. 
With fixed starting and end points, this approach duplicated a series of images (seven 
in our calculations) between the starting and end point of the migration of the ion so 
that the intermediate states could be simulated. For the large supercell adopted in the 
CINEB calculations, which tests showed to be sufficient for drawing qualitatively 
correct conclusions.  
 
The calculated proton migration paths and a barrier energy in py-FeO2Hx are illustrated 
in Extended Data Fig. 7. Only one hydrogen vacancy was generated at a time in a 2 × 
2 × 2 supercell of py-FeO2H. Due to the cubic symmetry of the system the possible 
migration paths are along the <110>, <101> and <011> directions (Extended Data 
Fig. 7b). As a result, py-FeO2Hx provides a three-dimensional (3D) path for proton 
diffusion. The corresponding barrier energies increase slightly with pressure from 1.88 
to 2.01 eV (Extended Data Fig. 7c).  
 
Ab initio molecular dynamics (AIMD) calculations of proton diffusion     
To calculate the H+ diffusion coefficient we performed AIMD simulations1-3,46-50 using 
a 2 × 2 × 2 supercell (128 atoms) for FeO2Hx and a 2 × 2 × 4 supercell (128 atoms) for 
δ-AlOOH. It is worth to note that a bigger supercell does not change the simulation 
results. The simulations used the canonical ensemble with a time step of 1 fs, with the 
simulations lasting 7ps and 15 ps at temperatures from 1250~K to 3500~K. This 
approach is suitable for evaluating the activation enthalpy of ion migration and 
identifying the ion transport mechanism. To study superionic transport rigorously, we 
calculated the diffusion coefficient for H+ transport and the mean-square displacement 
(MSD) of the ionic positions. The diffusion coefficient is defined as: 
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is averaged over all protons, and 𝑟𝑖⃗⃗ (𝑡) is the displacement of the ith proton at time t, 
and N is the total number of protons in the system. In practice, D is obtained by a linear 
fit to the time dependence of the average MSD.  
 
The value of D obtained at various temperatures can be fitted with an Arrhenius 
equation: 
                                        𝐷 = Aexp (−
∆H
kT
)                                                           (6), 
where ∆𝐻 is the activation enthalpy, A is a pre-exponential factor, k is the Boltzmann 
constant, and T is the temperature. The calculated proton diffusion coefficients in py-
FeO2Hx and δ-AlOOH are plotted in Extended Data Fig. 10. The electrical conductivity 
was calculated using the diffusion coefficients and the Nernst-Einstein equation:   
                                                σ =
fDc𝑞2
𝑘𝑇
                                                                   (7), 
in which σ is the electrical conductivity, f is a numerical factor approximately equal to 
unity, D is the diffusion coefficient, c is the concentration of H+ vacancies, q is the 
electrical charge of H+, k is the Boltzmann constant, and T is the temperature. The 
superionic state of py-FeO2Hx is also seen clearly in the 15 ps simulations and in the 
MSDs and the trajectories of the protons (Extended Data Fig. 5 and Extended Data Fig. 
11). At higher temperatures, crystalline py-FeO2Hx becomes unstable and starts to melt 
while the MSDs of the Fe and O ions increase with simulation time (Extended Data Fig. 
12). The experiments show that py-FeO2Hx is stable even at 3100-3300~K and 
pressures of 126 GPa43. This discrepancy is within the range expected from data for 
pure iron51 and iron oxides52. We note here that a sophisticated theory employed to 
calculate melting temperatures might improve the estimation51,53. For δ-AlOOH, it 
shows the anisotropic proton diffusion with a higher proton MSD along the [001] 
direction as shown in Extended Data Fig. 13. This is due to the channel-like structure 
of δ-AlOOH along [001] direction.  
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Figure 1 | Structure searching for ternary materials consisting of Fe, O, and H at 
100 GPa. In the Fe, O and H phase diagram, the solid red circles are stable compounds. 
The inset shows a partial convex hull along the green dashed line from py-FeO2 to py-
FeO2H. The crystal structure of py-FeO2H is also shown with brown, red and pink 
spheres representing the Fe, O and H atoms. 
  
 Figure 2 | Evolution of O-H bond length (RO-H) as a function of nearest-neighbor 
O-O distance (RO-O) under compression. Green squares: α-FeOOH; red circles: ε-
FeOOH; blue triangles: py-FeO2H; Magenta inverted triangles: δ-AlOOH; diamonds: 
ice (VII to X); stars: ice (VIII to X) at 100 K simulated by M. Benoit et al.23; orange 
solid line: line with symmetric O-H-O bonds (RO-H=RO-O/2). Dashed lines separate 
different iron hydrate phases within different pressure ranges: α-FeOOH (Goethite; 0-
10 GPa), ε-FeOOH (10-70 GPa) and py-FeO2H (above 70 GPa). The corresponding 
electron localization function (ELF) distributions viewed along the [001] direction for 
α-FeOOH, [001] direction for ε-FeOOH, and [111] direction for py-FeO2H are shown 
below. Dark yellow, white, and red spheres represent Fe, H and O atoms, respectively. 
The ELF distributions of δ-AlOOH are similar to ε-FeOOH as shown in Extended Data 
Fig. 2.  
  
 Figure 3 | Phase diagrams of py-FeO2H, py-FeO2H0.5 and δ-AlOOH at 
temperatures and pressures in the range 1500-3500~K and 70-140 GPa. The blue, 
green and red regions indicate the solid, superionic and melting states, respectively. The 
grey region is uncertainty. The Geotherm for the mantle is shown as black thick solid 
curves26. 
 
 
 Figure 4 | Calculated ionic conductivities of py-FeO2Hx (x = 0.5 and 1) and δ-
AlOOH compared with the measured conductivities of Bridgmanite and the post-
perovskite phase. Different conductivities are labeled by different symbols. Black 
squares: FeO2H at 80GPa; red circles:  FeO2H0.5 at 80GPa; blue triangles: FeO2H at 130 
GPa; Magenta inverted triangles: FeO2H0.5 at 130 GPa; small brown stars: FeO2H of 7 
ps simulations; small cyan stars: FeO2H0.5 of 7 ps simulations; purple crosses: δ-AlOOH; 
green dashed lines: fitted ionic conductivity of FeO2H at 80 and 130 GPa; blue dashed 
lines: fitted ionic conductivity of FeO2H0.5 at 80 and 130 GPa; pink solid lines: 
bridgmanite (Mg0.9Fe0.1)SiO327; pink dotted line: post-perovskite (Mg0.9Fe0.1)SiO327; 
orange solid lines: bridgmanite (Mg0.93Fe0.07)SiO328; red solid line: bridgmanite 
(Mg0.83Fe0.17)SiO329. Light blue region shows the conductivity and temperature range 
of superionic hydrogen. Yellow region shows the conductivity range of high 
conductivity layer at the CMB. 
  
  
Extended Data Figure 1 | Convex hull of ternary compounds of Fe, O, and H at 
100 GPa. a, As one can see from the ternary diagram, compounds on the convex hull 
(ground state phases) are displayed with circles and others are shown in rectangular 
shaped symbols. The size of rectangles is proportional to the distance from the convex 
hull surface. The inset on the left top corner shows a magnified segment of convex hull 
line along the FeO2 and FeO2H. b, a partial convex hull along the orange dashed line 
from FeO2 to FeO2H. c, the calculated phonon dispersion curves of FeO2H0.75 
  
  
Extended Data Figure 2 | The electron localization function (ELF) distributions of 
δ-AlOOH at 10 and 80 GPa. Viewed along the [001] direction with light blue, white, 
and red spheres representing Al, H and O atoms, respectively.  
 
  
 Extended Data Figure 3 | MSDs and trajectories of protons in py-FeO2H and py-
FeO2H0.5. a, FeO2H at 86.6 GPa and 2250 K, b, FeO2H at 123.0 GPa and 2750 K, c, 
FeO2H at 116.0 GPa and 3000 K, d, FeO2H0.5 at 73.7 GPa and 1500 K, e, FeO2H0.5 at 
103.8 GPa and 2250 K, f, FeO2H0.5 at 122.4 GPa and 2750 K, g, proton trajectory in 
FeO2H0.5 in the solid state, h, proton trajectory in FeO2H0.5 in the superionic state. Small 
coloured spheres are proton trajectories. The different colours represent the proton at 
different initial positions in FeO2H0.5. 
  
 Extended Data Figure 4 | MSDs and trajectories of protons in δ-AlOOH. a, 124.2 
GPa and 2500 K, b, 128.8 GPa and 3250 K, c, proton trajectory in δ-AlOOH in the 
solid state, d, proton trajectory in δ-AlOOH in the superionic state. Small brown spheres 
are proton trajectories.  
  
 Extended Data Figure 5 | The MSD of H+ in py-FeO2Hx ( x= 0.5 and 1) at pressures 
of 80 and 130 GPa and different temperatures. a, FeO2H at 80 GPa, b, FeO2H0.5 at 
80 GPa, c, FeO2H at 80 GPa and d, FeO2H0.5 at 130 GPa. 
 
 
  
 Extended Data Figure 6 | Diffusion coefficients of proton in py-FeO2Hx (x =1 and 
0.5) obtained from MSD. The data are fitted using Arrhenius equations. The calculated 
activation enthalpies (ΔH) are given in each image. a, FeO2H at 80 GPa, b, FeO2H0.5 at 
80 GPa, c, FeO2H at 130 GPa and d, FeO2H0.5 at 130 GPa. 
  
 Extended Data Figure 7 | Proton migration path and barrier energy in the py-
FeO2Hx lattice at pressures from 80 to 130 GPa. a, The crystal structure of FeO2Hx. 
Brown, red and pink spheres represent Fe, O and H atoms, respectively. b, (110) slice 
cut from Figure 3a and proton hopping of a vacancy along <110> directions, with the 
minimum energy migration path labeled by a yellow arrow. c, the calculated energy 
barriers of proton migration along the path at pressures of 80, 90, 100, 110 and 130 GPa, 
respectively. 
  
 Extended Data Figure 8 | The crystal structure of py-FeO2Hx (x = 1, 0.75, 0.5, 0.25 
and 0). Light blue, pink, red and brown spheres represent hydrogen vacancies, 
hydrogen, oxygen and iron atoms.  
  
 Extended Data Figure 9 | Calculated P-V relations and relative enthalpies of py-
FeO2Hx (x = 1, 0.75, 0.5, 0.25 and 0). a, the calculated P-V relations (solid lines) are 
compared with experimental results from previous reports (separated symbols: 
Magenta circles10, green squares19, and blue triangles9). b, relative enthalpies with 
respect to py-FeO2H in the pressure range 50-210 GPa. 
 
  
Extended Data Figure 10 | Diffusion coefficients of proton in py-FeO2Hx (x =1 and 
0.5) and δ-AlOOH obtained from MSD.  
 
  
 Extended Data Figure 11 | Trajectories of H+ in py-FeO2Hx (x= 0.5 and 1) at 
pressures of 80 and 130 GPa for different temperatures. The small light blue spheres 
represent proton trajectories. a, FeO2H at 80 GPa, b, FeO2H0.5 at 80 GPa, c, FeO2H at 
80 GPa and d, FeO2H0.5 at 130 GPa. 
  
 Extended Data Figure 12 | The MSD of Fe and O ions in py-FeO2Hx (x = 1 and 0.5) 
at pressures of 80 and 130 GPa and different temperatures. The obvious increase 
in the MSD of Fe and O ions indicates melting. a, FeO2H at 80 GPa, b, FeO2H0.5 at 80 
GPa, c, FeO2H at 130 GPa and d, FeO2H0.5 at 130 GPa. 
  
 Extended Data Figure 13 | The MSD of superionic protons in δ-AlOOH along [100], 
[010] and [001] directions. Anisotropy superionic proton diffusion in δ-AlOOH 
ascribing to the channel-like lattice structure of δ-AlOOH as shown in the inset (Light 
blue, white, red spheres represent Al, H and O atoms).  
 
  
Extended Data Table 1 | Comparison of calculated bulk modulus, the first pressure 
derivative of bulk modulus, equilibrium volume and equilibrium total energy of 
py-FeO2Hx (x = 1, 0.75, 0.5, 0.25, 0) and δ-AlOOH. 
Phase B0 (GPa) B0’ V0 (Å3/f.u.) E0 (eV/f.u.) 
FeO2H 232.7 4.01 27.70 -21.45 
FeO2H0.75 248.2 3.81 27.41 -20.84 
FeO2H0.5 270.33 3.50 26.79 -19.75 
FeO2H0.25 232.82 3.94 26.40 -18.48 
FeO2 257.46 3.45 25.66 -17.15 
AlOOH 211.02 4.00 14.20 -13.04 
 
